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Using temperature-dependent photoluminescence spectroscopy, we have investigated and compared intrinsic InGaAs, intrinsic GaInAsSb, and p-i-n junction GaInAsSb quantum wells (QWs) embedded in GaAs barriers. Strong carrier localization inside the intrinsic GaInAsSb/GaAs QW has been observed together with its decrease inside the p-i-n sample. This is attributed to the effect of an in-situ annealing during the top p-doped AlGaAs layer growth at an elevated temperature of 580 C, leading to Sb-atom diffusion and even atomic redistribution. Highresolution X-ray diffraction measurements and the decrease of both maximum localization energy and full delocalization temperature in the p-i-n QW sample further corroborated this conclusion. GaAs-based semiconductor alloys are attracting attention for high-speed applications in many optoelectronic devices as a replacement for InP-based materials.
1,2 Telecommunication networks are of particular interest, in which GaAs materials offer a mature technology, 3, 4 better integration with other optical elements, 5, 6 and better thermal properties. 7 Most notably, InGaAs/GaAs quantum wells (QWs) have received significant attention in order to achieve emission at 1.31 lm and 1.55 lm. The lattice mismatch however limits the maximum In content and thus the longest achievable wavelength with reasonable epitaxial quality in two-dimensional (2D) growth mode. The highest emission wavelength reported for an InGaAs QW laser was at 1.24 lm for a highly strained material. 8, 9 Recently, much effort has been focused on exploring GaInAsN/GaAs QWs, where adding small amounts of nitrogen leads to favourable changes in band alignment and pushes the emission wavelength towards 1.31 lm. [10] [11] [12] Unfortunately, N incorporation leads to a deterioration of the optical properties as defect induced nonradiative recombination (NRR) increases in line with increasing N concentration. 13 This is largely detrimental for the gain properties, and although several methods 14, 15 have been proposed to increase the nitrogen concentration without worsening the material quality, the lowest lasing threshold current density reported (211 A/cm 2 ) remains high. 16 This has motivated the exploration of the effect of low temperature growth, combined with a Sb surfactant, allowing an increase of In concentration in 2D growth without reaching the critical thickness. 17 In addition, the incorporation of Sb in InGaAs leads to a bandgap reduction that is favourable for the extension of the emission wavelength, 18 while the optical quality increases, improving the device performance. The reported threshold current density of double QW lasers was as low as 125 A/cm 2 per well. 19 These properties make a GaInSbAs material advantageous over GaInNAs.
Although reports on the quality of intrinsic GaInAsSb/ GaAs QWs 17 and the carrier localization effect 20 exist, the influence of in-situ annealing on the optical properties of the QW during p-doped AlGaAs cladding layers growth remains unknown. Further, even though the reported photoluminescence (PL) emission wavelength was as long as 1250 nm, 17 there is no explanation why the longest lasing wavelength achieved so far is 1167 nm. 19 To shed some light on the influence of in-situ annealing, we have grown and studied three samples: the reference InGaAs QW; an intrinsic GaInAsSb QW; and a p-i-n GaInAsSb QW. The samples were grown on (100) GaAs substrates using a VEECO GEN-930 molecular beam epitaxy system. All samples were designed with 6 nm thickness of QW embedded in 100 nm GaAs barriers. The p-i-n sample intrinsic region (with thickness w ¼ 206 nm, consisting of a 6 nm GaInAsSb QW within undoped 100 nm GaAs layers) was delimited by an upper p-doped and bottom n-doped Al 0.3 Ga 0.7 As claddings ( Table I ). The QWs were grown at a temperature of 425 C while the AlGaAs cladding layers were grown at a substrate temperature of 580 C. The In and Ga growth rates were set at 0.15 ML/s and 0.35ML/s, respectively, to keep the In/Ga ratio comparable for all three samples. The group V flux was set at beam equivalent pressure (BEP) of 2.0 Â 10 À6 Torr for As 2 and 4.0 Â 10 À7 Torr for Sb 2 , respectively. For all the samples, we confirm the 2-dimentional growth mode by RHEED during the QW growth. To improve the QW quality and allow proper incorporation of the big Sb atoms into InGaAs matrix, both the intrinsic and p-i-n samples were grown using the Sb predeposition method, in which a 25 s Sb-soak was conducted on GaAs surface before the QW growth. 20 We show in Fig. 1 the PL spectra for all three QW samples, taken at 14 K and room temperature (RT) of 293 K. The PL peak of the intrinsic QW sample at RT (0.988 eV) was shifted by 180 meV from the reference sample peak (1.167 eV). This difference was significantly lower for the p-i-n QW sample (1.066 eV), in which the PL peak shifted by 100 meV from the reference sample peak. Also notably, the redshift between 14 K and RT of the PL peak energies was lower for the Sb-containing samples than for the reference InGaAs sample (Table II) . The improvement of optical quality with Sb addition was apparent from the PL linewidth measurement, the FWHM was lower by 6 meV for the intrinsic sample and 34 meV for the p-i-n sample with simultaneous achievement of emission at longer wavelengths at RT. The FWHM at 14 K behaved differently however; the intrinsic sample was 12 meV wider than the reference sample, while the p-i-n sample was 9 meV narrower (Table II) . At this point, we must emphasize that the 100 meV peak shift of the p-i-n sample comprises a mixture of two counterbalancing parts; first one (large blueshift) induced by in-situ annealing; and second one (minimal redshift) induced by embedding the QW into p-i-n junction leading to the quantum-confined Stark effect. In our previous report, 21 we studied an effect of applied electric field across the p-i-n sample and under the built-in electric field of 54 kV/cm the observed (almost negligible) redshift was about 2.2 meV (2.4 nm).
To clarify these points, we first studied the material composition by high-resolution h004i X-ray diffraction (HRXRD) analyses (Fig. 2 ) using a Bede D1 high resolution x-ray diffraction system. The observed PL emission peak relative positions (Fig. 1 solid blue and red) are explained by a decrease of Sb content from 13% (intrinsic sample) to 7% (p-i-n sample) evidenced by a rocking curve peak shifted from À7500 arcsec (Fig. 2 red) , typical of an intrinsic sample, 17 down to À6000 arcsec (Fig. 2 black) . This might be a result of a strong atomic redistribution and decomposition during the AlGaAs layer growth at increased temperature due to large miscibility gap in GaInAsSb alloy. 22 In this process, the big Sb-atoms diffuse out of the QW to the neighbouring GaAs barrier, thus resulting both in lower Sb content. To further corroborate the hypothesis of Sb-atoms (rather than atoms of In) reorganization, a sample containing 6 nm InGaAs QW and embedded into a full laser structure with AlGaAs claddings of 1500 nm thicknesses was grown simultaneously with the three samples presented. The RT PL peak was observed at 1.188 eV, i.e., only 20 meV shifted from the reference sample even though the cladding growth time at increased temperature was significantly (10Â) longer than for the p-i-n Sb QW.
Second, we have performed a set of temperature dependent PL to provide further insight into the quality of the QWs interfaces and effect of in-situ annealing during the top AlGaAs layers growth. Any inhomogeneity in thickness or composition manifests itself as an abnormal S-shaped temperature dependence of the PL peak position. This peculiarity, well-known for the quaternary GaInAsN/GaAs material, [23] [24] [25] originates from the exciton localization effect inside the Sb-rich, quantum dot-like, regions of the quaternary GaInAsSb alloy. 20 The PL measurements were carried out as a function of temperature (14 K-290 K) at different, i.e., high (150 W/cm 2 ) and low (5 W/cm 2 ), excitation intensities (Fig. 3) . At low excitation intensity, the S-shaped behavior characteristic of a localization effect at low temperature was clearly visible both for the intrinsic (blue) and the p-i-n sample (red), but this S-shape behavior was not longer visible for the reference InGaAs sample (black). At high excitation intensity, any potential localized states were saturated, resulting in a classical (monotonic) energy variation over the full temperature range and the PL peak energies following the Varshni model 26 (all the parameters E(0), a, and b are given in Table III for all samples): By examining both the excitation intensity variation and the energy difference E loc (T) ¼ E(T) À E PL (T) (where E(T) is the middle-to-high temperature range fit using the Varshni model and E PL (T) is the PL peak energy at low excitation powers 25 ), we extract the carrier localization energies. The 14 K and the maximum localization energies are reported (Table III) , together with the full delocalization temperatures. As mentioned above, the evolution of the PL peak energy for the InGaAs QW followed regular carrier thermalization with maximum localization energy of 2-3 meV and a delocalization temperature of 30 K. In the case of the GaInAsSb QW, the 14 K localization energy and the maximum localization energy were found to be 20 meV and 28 meV (intrinsic sample), and 13 meV and 17 meV (p-i-n sample), respectively (Fig. 4) . Also the full delocalization temperatures have increased from 30 K to 170 K and 100 K.
This decrease in carrier localization energy inside the p-i-n sample is another consequence of the atomic reorganization. The in-situ annealing leads to a more even atomic distribution, alleviating the presence of Sb-rich clusters on the QW interface and thus lowering the exciton localization energy.
Finally, to confirm an improved QW quality and smoother interface of the p-i-n QW over the intrinsic QW, both samples were observed by transmission electron microscope (TEM). The cross-sectional TEM images (Fig. 5) show no mismatch dislocations for both samples, but obvious interface roughness and faceting is visible at the top interface for the intrinsic sample ( Fig. 5(a) ). The sharpness and homogeneity of the p-i-n sample interface (Fig. 5(b) ) further supports the above hypotheses.
In summary, the impact of top AlGaAs layer growth at elevated temperature of full p-i-n junction on GaInAsSb/ GaAs QW has been investigated. Two features have been observed: first, the blueshift of PL emission from 1254 nm (intrinsic sample) to 1163 nm (p-i-n sample) together with the shift of the QW rocking curves peaks in the XRD analysis is explained by decrease of Sb composition from 13% to 7% inside the QW; second, the decrease of carrier localization energy accompanied by decrease of full delocalization temperature in the p-i-n sample is explained by more evenly distributed atoms on the QW interface alleviating any changes in composition and thus possible In-rich and Sb-rich regions. Both features are impacts of Sb-atom redistribution and Sb diffusion out to the surrounding GaAs barrier. One method to mitigate the undesired blueshift of the QW emission is to cap (overgrow) the actual GaInAsSb QW by a very thin GaAsSb layer with several beneficial impacts. 27 First, it would reduce any Sb diffusion out of the QW into surrounding barrier during the top cladding layer growth at elevated temperature, and thus it would reduce the undesired PL peak blueshift. Second, using this capping layer would substantially lower the abrupt step of lattice mismatch between the quaternary and binary alloys, mitigating any fluctuation of QW thickness or composition and thus decreasing QWs FWHM. Finally, reducing this lattice mismatch would also mitigate a presence of defects leading to decreasing device efficiency on behalf of nonradiative recombination. Next possible method to improve QW FWHM and to simultaneously reduce significant QW blueshift lies in embedding the quaternary structure inside thin graded InGaAs layers. 28 This scheme would lower lattice mismatch between the binary GaAs barriers and the quaternary GaInAsSb QW and could lead to similar effects as described above. Another suggesting idea lies in combining the two above in form of graded GaAsSb layer. To reduce this blueshift or even push the GaInAsSb QW emission toward 1310 nm could be possible taking into account combination of several approaches or even separately. First one lies in using of capping layers already mentioned reducing any Sb leakage. Second, we would reduce an impact of insitu annealing by lowering the growth temperature of the top cladding layers down to 520 C, but this could also affect the cladding layers quality and thus lasing properties. Finally, further redshift of QW emission could be achieved simply by growing a QW with higher thickness thus lowering the bandgap energy. This would also lead to an increase of device modal gain by increasing confinement factor C, but one must be careful not to achieve the critical thickness of the 2D growth mode. 
